We report a method to generate hierarchical topographical patterns on demand under the control of applied voltages. The method is implemented by harnessing the electro-creasing instability in multilayer elastomer films. The critical electric field for electro-creasing instability in a layer of elastomer scales with square root of the elastomer's modulus, while the wavelength of instability pattern scales with the layer's thickness. By rationally designing elastomer films with varied modulus and thickness throughout different layers, we control the formation of surface instability patterns with feature sizes of different scales under prescribed voltages. The method is very versatile, giving various types of hierarchical patterns such as randomly oriented, aligned, and gradient ones. A theoretical model is developed and validated to guide the design of hierarchical patterns. V C 2014 AIP Publishing LLC. [http://dx.doi.org/10.1063/1.4882416] Nature designs hierarchical structures with feature sizes that range over multiple length scales to achieve extraordinary functions, such as super-hydrophobicity of lotus leaves, 1 strong adhesion of gecko feet, 2 intriguing colors of butterfly wings, 3 and high toughness of animal skeletons. 4 Motivated by these structures and functions, intensive studies have been carried out to design new materials with hierarchical structures. [5] [6] [7] Traditional top-down techniques, mostly based on lithography, can be used to fabricate structures with hierarchical features; 8 however, they are generally limited by high-cost and complicated fabrication processes. To overcome these drawbacks, a number of bottom-up strategies based on self-assembly mechanisms have been developed to fabricate hierarchical structures; for instance, capillaryinduced assembly of hierarchical pillars or pores, 9 hierarchical instability patterns of thin films, 5, 6, 10 rationally designed growth of crystal structures, 11 and self-assembly of block copolymers. 12 Among these approaches, using external physical fields (for example, electric fields) to drive the formation of hierarchical structures is particularly compelling, because the pattern-formation process is non-contact, non-destructive, and controlled by external cues. 13 For example, by harnessing electrohydrodynamic instabilities, core-shell structures with hierarchical features have been created on layered thermoplastic polymers.
14 Despite the great promise, hierarchical structures generated by physical fields are mostly static, as the hierarchical structures are fixed at their final states. However, hierarchical structures capable of dynamic control and tunability are highly desirable for various applications such as on-demand super-hydrophobicity, 5, 6, 15 tunable adhesion, 16 dynamic antifouling, 17 and cell culture. 6, 18 Here, we demonstrate a simple yet effective method that can dynamically generate hierarchical patterns with feature sizes ranging from one to hundreds of micrometers on largearea elastomer surfaces under the control of applied electrical fields. The method is achieved by harnessing the electro-creasing instability in multilayer elastomer films. 19 The critical electric field for inducing electro-creasing instability in a layer of an elastomer scales with square root of the elastomer's modulus, while the wavelength of the instability pattern scales with the layer's thickness. [19] [20] [21] [22] [23] [24] [25] By rationally designing multiplayer elastomer films with varied modulus and thickness throughout different layers, we can control the formation of instability patterns with feature sizes of different length scales under prescribed voltages.
The experimental setup for on-demand generation of hierarchical structures under voltages is illustrated in Figs. 1(a) and 1(c). A laminate of two layers of silicone elastomer (Sylgard 184, Dow Corning, USA) was bonded on a rigid polymer substrate (Kapton, DuPont, USA). The bottom Sylgard layer was first spin-coated on Kapton and cured at 65 C for 12 h, on which the top Sylgard layer was then spincoated and cured under the same condition. By varying the spinning speed, the thicknesses of the top and bottom silicone layers were obtained as 10-40 lm and 95-250 lm, respectively. The shear moduli of top and bottom elastomers were set to be $6.7 kPa and $38.2 kPa, respectively, by tuning the elastomers' cross-linker densities. The shear moduli were measured by uniaxial tensile tests with a Micro-Strain Analyzer (TA Instruments, USA) under a strain rate of 2:5 Â 10 À4 s À1 . The permittivity of the elastomer Sylgard is taken from its data sheet to be 2:65e 0 , where e 0 ¼ 8:85 Â10 À12 F m À1 is the permittivity of vacuum. 26 In addition, the thickness of the substrate Kapton is 125 lm, its shear moduli is 2.5 Gpa and its permittivity is 3:5e 0 , taken from the data sheet. 26 Thereafter, the top surface of the elastomer film was immersed in 10 wt. % NaCl solution, which acted as a transparent compliant electrode. 19, 23 A direct-current voltage (Mastsusada, Japan) ranging from 0 to 18 kV was applied between the NaCl solution and a metal plate bonded on the substrate with a ramping rate of 10 V/s. The generation of surface patterns was recorded by an optical microscope lens connected with a camera (Nikon, Japan). As shown in Fig. 1(b) , when the applied voltage reached a critical value, the initially flat top layer was observed to suddenly fold against itself to form a pattern of creases or dimples. The average wavelength of the crease pattern k 1 was around 33 lm. Once the voltage was increased to another critical value [Figs. 1(c) and 1(d)], a second-order pattern of creases further developed with wavelength k 2 around 310 lm, which was evidently larger than the first-order wavelength. In this way, a two-order hierarchical pattern with different wavelengths was generated on the laminate surface. Once the applied voltage was withdrawn, the hierarchical pattern spontaneously disappeared and the surface of the laminate returned to the flat state.
Next, we provide a theoretical model that can guide the design of the hierarchical patterns based on the theory of electro-creasing-to-cratering instability in elastomer films. 19, 21, 22, 25 When an electric field is applied on an elastomer film mechanically constrained on its bottom surface, a biaxial compressive stress r E develops along two in-plane directions in the film [see inset of Fig. 1(a) ]. Once the compressive stress reaches a critical value, the free surface of the elastomer folds against itself to form a pattern of creases. The critical electric field to induce the crease scales with square root of the shear modulus of the elastomer via 19, 21 E c % 1:03
where l and e are shear modulus and permittivity of the elastomer film, respectively. When the electric field was further ramped up, the creases evolved into a pattern of craters with wavelength k that scales with the film thickness H as
In the current study, the hierarchical pattern forms in a laminate that consists of a more compliant and thinner elastomer film on top of a stiffer and thicker elastomer film [ Figs. 1(a) and 1(c) ]. The applied electric fields in the top (E 1 ) and bottom (E 2 ) elastomer films can be calculated as
where U is the applied voltage; l 1 , e 1 , H 1 and l 2 , e 2 , H 2 are the modulus, permittivity, and thickness of the top and bottom elastomer films, respectively; e s and H s are the permittivity and thickness of the rigid substrate. When the applied voltage is low, the system can be regarded as the top elastomer film constrained on its bottom surface and subjected to an electric field E 1 [ Fig. 1(a) ]. Once the applied field in the top film reaches a critical value E 1c % 1:03 ffiffiffiffiffiffiffiffiffiffiffi l 1 =e 1 p , the creasing instability occurs, giving a pattern of creases with wavelength k 1 % 1:5H 1 . Meanwhile, the deformation in the bottom elastomer film is negligible, since the bottom layer is more rigid than the top layer. Thereafter, when the applied electric field in the bottom elastomer film is increased to a critical value E 2c % 1:03 ffiffiffiffiffiffiffiffiffiffiffi l 2 =e 2 p , a second-order pattern of creases form in the bottom film with the top thin film acting as a skin layer. While it is known that the skin layer or surface energy can affect the critical electric field for creasing instability, 20 ,27 the effect of the skin layer has been observed to be negligible in the current study. Furthermore, following Eq. (2), the wavelength of the second-order pattern is around k 2 % 1:5H 2 .
To validate the above theoretical model for generating hierarchical patterns, a set of experiments were conducted on samples of double-layer Sylgard films with various thickness ratios. As shown in Fig. 2(a) , the critical electric fields for inducing two orders of patterns indeed fall on two levels for various ratios of film thicknesses. Furthermore, the critical electric fields approximately match the theoretical prediction, i.e., E 1c % ffiffiffiffiffiffiffiffiffiffiffi Fig. 2(a) ]. In addition, the measured wavelengths of the two orders of patterns are plotted as functions of the thicknesses of the two layers in Fig. 2(b) . It can be seen that the slope of the data points in Fig. 2(b) is around 1.5, which also matches the theoretical prediction, i.e., k 1 % 1:5H 1 and k 2 % 1:5H 2 .
Next, we demonstrate the versatility of the method to generate different types of hierarchical patterns. For example, aligned hierarchical patterns can be readily achieved by predeforming the elastomer films prior to attaching them on the substrate [ Fig. 3(a) ]. A silicone elastomer Ecoflex (SmoothOn, USA) was chosen as the bottom elastomer film due to its high stretchability. The modulus of the bottom Ecoflex film was 10.4 kPa, and the thickness was varied from 120 to 250 lm. 21, 22 The permittivity of the elastomer Ecoflex is taken from its data sheet to be 2:5e 0 , where e 0 ¼ 8:85 Â 10 À12 Fm
À1
is the permittivity of vacuum. 26 The Ecoflex film was first stretched uniaxially by a factor of k p , and then adhered to a rigid Kapton film to preserve the pre-stretch. On the prestretched Ecoflex film, another thin film of Ecoflex was casted with thickness of 15-30lm and modulus of 5.4kPa. In this way, the first-order pattern of creases generated in the top film was still randomly oriented. However, since the pre-stretch offset the electric-field-induced compressive stress in the bottom film, the second-order creases formed in the bottom film tend to align along the pre-stretched direction 22 [ Fig. 3(b) ]. Furthermore, if the pre-stretch ratio is high, e.g., 5 in Fig. 3(c) , the aligned creases can connect with one other into a pattern of aligned lines in the bottom film. As another example, we demonstrate the dynamic generation of surface patterns with continuously varied feature sizes under the control of electric fields. A Sylgard film with thickness of 250 lm was first spin-coated on a Kapton substrate. Following the curing, the Sylgard film was tapered by cutting it with a titled knife of angle h against the substrate surface. As a result, we obtained a Sylgard film with a gradient thickness, from 205 lm to $0 lm [inset of Fig. 4(b) ]. A ramping electric field is applied through the Sylgard film. The creasing instability first occurs on the surface of the thinner region of the film and gradually spreads to the thicker region, as shown in Fig. 4(a) . Based on Eq. (1), the wavelength of the pattern is thus continuously varied as
where x is the distance from the thicker edge of the film. In Fig. 4(b) , we plot the experimentally measured wavelength of the pattern as a function of x. It can be seen that the experimental data match consistently with the prediction of Eq. (4). In summary, we report a simple yet effective method to generate hierarchical patterns on elastomer films under the control of applied voltages. By tuning the thicknesses, moduli and pre-deformation of the multilayer elastomer films, we demonstrate that various hierarchical patterns with different feature sizes, alignments and gradients can be dynamically generated with this versatile method. We further develop a theoretical model to guide the design of the hierarchical patterns, capable of predicting the critical electric fields and wavelengths of the patterns. These new dynamic hierarchical patterns are expected to find useful applications in diverse fields such on-demand super-hydrophobicity, 15 tunable adhesion and wetting, 16 dynamic antifouling, 17 and controlled cell alignment. 
